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1.  Introduction {#anie201510618-sec-0001}
================

Fossil fuels, formed over hundreds of millions of years, are fundamental building blocks of our civilization: they have made the remarkable prosperity of our society possible, and affected the lives of billions of people. Nevertheless, these fuels have devastating effects on our environment and climate. The extraction and combustion of fossil fuels at an ever‐increasing rate inevitably releases tremendous amounts of CO~2~ and various pollutants into the atmosphere. Recently, the U.N. Intergovernmental Panel on Climate Change reported that human activity is responsible for the Earth\'s climate change with a probability of 95 %--100 %.[1](#anie201510618-bib-0001){ref-type="ref"} In fact, the average global temperature across land and oceans in 2015 was the highest in the 1880--2015 period, surpassing the previous highest record set only in 2014.[2](#anie201510618-bib-0002){ref-type="ref"}

With increasing global greenhouse gas emissions, there is urgency to pursue all measures to develop and deploy carbon‐neutral energy technologies. Therefore, one of the most significant scientific challenges our society must address during the course of the 21st century is the establishment of a secure, economical, and sustainable global energy system. Developing synthetic fuels on a global scale is a key enabling element for clean energy technologies.[3](#anie201510618-bib-0003){ref-type="ref"}, [4](#anie201510618-bib-0004){ref-type="ref"} This, in turn, depends on finding effective economic technologies for hydrogen production from seawater. Once such technologies are available, chemical storage of hydrogen will be required due to the extremely low volumetric energy density of pure hydrogen and the potential safety and infrastructure cost issues related to its distribution on a global scale. Large‐scale chemical hydrogen storage can be achieved in the form of a fuel via carbon or nitrogen as the main hydrogen carriers using CO~2~ [5](#anie201510618-bib-0005){ref-type="ref"}, [6](#anie201510618-bib-0006){ref-type="ref"} or N~2~ [7](#anie201510618-bib-0007){ref-type="ref"}, [8](#anie201510618-bib-0008){ref-type="ref"}, [9](#anie201510618-bib-0009){ref-type="ref"} to produce carbon‐ or nitrogen‐based fuels, respectively. CO~2~ and N~2~ could both be obtained from the atmosphere. While the large‐scale separation of about 400 ppm CO~2~ from the atmosphere[10](#anie201510618-bib-0010){ref-type="ref"} is a complex engineering challenge,[11](#anie201510618-bib-0011){ref-type="ref"} the global accessibility and abundance of nitrogen (78.09 vol % of dry air at sea level)[12](#anie201510618-bib-0012){ref-type="ref"} might enable the large‐scale production of ammonia and its fertilizer derivatives which could be utilized as fuels, "fertilizing" the future energy portfolio. Despite their potential, nitrogen‐based fuels have been missing in previous assessments of future storage systems.[13](#anie201510618-bib-0013){ref-type="ref"}

Herein, we address the question of how to effectively chemically store hydrogen obtained from renewable sources. The main objective of this work is to evaluate the two alternative routes for stationary chemical hydrogen storage: carbon and nitrogen chemistries. We describe metrics by which chemical hydrogen storage via carbon or nitrogen can be critically compared. Finally, we briefly discuss previous experimental studies of a model nitrogen‐based alternative fuel.[14](#anie201510618-bib-0014){ref-type="ref"}, [15](#anie201510618-bib-0015){ref-type="ref"}, [16](#anie201510618-bib-0016){ref-type="ref"}, [17](#anie201510618-bib-0017){ref-type="ref"}, [18](#anie201510618-bib-0018){ref-type="ref"}, [19](#anie201510618-bib-0019){ref-type="ref"}, [20](#anie201510618-bib-0020){ref-type="ref"}, [21](#anie201510618-bib-0021){ref-type="ref"}

2.  The Methanol Economy {#anie201510618-sec-0002}
========================

The methanol economy,[5](#anie201510618-bib-0005){ref-type="ref"}, [6](#anie201510618-bib-0006){ref-type="ref"}, [22](#anie201510618-bib-0022){ref-type="ref"}, [23](#anie201510618-bib-0023){ref-type="ref"}, [24](#anie201510618-bib-0024){ref-type="ref"}, [25](#anie201510618-bib-0025){ref-type="ref"}, [26](#anie201510618-bib-0026){ref-type="ref"}, [27](#anie201510618-bib-0027){ref-type="ref"}, [28](#anie201510618-bib-0028){ref-type="ref"} an excellent representative of a carbon‐based system, suggests synthesizing methanol for energy storage and distribution through CO~2~ hydrogenation. Methanol is currently produced worldwide from synthesis gas consisting of 1 CO/2 H~2~. The hydrogenation of CO~2~ into CO (reverse water gas shift reaction) consumes an additional mole of H~2~ per mole of C atoms. Given that H~2~ is produced from water splitting, the overall process is represented by Reaction (R1), illustrating the stoichiometry of the required water as well.[5](#anie201510618-bib-0005){ref-type="ref"}, [27](#anie201510618-bib-0027){ref-type="ref"} Methanol can be combusted without any additives,[6](#anie201510618-bib-0006){ref-type="ref"}, [29](#anie201510618-bib-0029){ref-type="ref"} as a mixture (e.g., with gasoline), or utilized in a fuel cell.[30](#anie201510618-bib-0030){ref-type="ref"} It is also a superior fuel for electric power generation in gas turbines.[31](#anie201510618-bib-0031){ref-type="ref"}, [32](#anie201510618-bib-0032){ref-type="ref"} $$\left. {CO}_{2(g)}{+ 3\, H}_{2}O_{(l)}\rightarrow{CH}_{3}{OH}_{(l)}{+ H}_{2}O_{(l)}{+ 1}{.5\, O}_{2(g)} \right.{\Delta{\hat{H}}_{Rxn}^{o}{= + 726}{.7\,{kJ}\,{mol}}^{- 1}}$$

Methanol could be converted into other energetic species such as dimethyl ether (DME), which is produced from methanol by dehydration. Producing almost no soot emissions upon combustion, DME is an excellent diesel‐fuel substitute which also has a high cetane number and a low auto‐ignition temperature.[33](#anie201510618-bib-0033){ref-type="ref"} Additional liquid organic hydrogen carriers could also be synthesized from methanol.[34](#anie201510618-bib-0034){ref-type="ref"}

3.  The Nitrogen Economy {#anie201510618-sec-0003}
========================

The nitrogen economy is a proposed future system in which nitrogen‐based fuels can be used as a means of energy storage and high‐pressure gas generation.

The simplest nitrogen‐based fuel is ammonia, as described by the ammonia economy.[7](#anie201510618-bib-0007){ref-type="ref"}, [35](#anie201510618-bib-0035){ref-type="ref"}, [36](#anie201510618-bib-0036){ref-type="ref"} The first commercial synthesis of ammonia from its elements was achieved in 1913 with the Haber--Bosch process.[37](#anie201510618-bib-0037){ref-type="ref"}, [38](#anie201510618-bib-0038){ref-type="ref"} Today, ammonia is the second largest synthetic inorganic commodity produced worldwide.[39](#anie201510618-bib-0039){ref-type="ref"} Currently, about 80 % of the global ammonia production is used by the fertilizer industry, most commonly to produce urea and ammonium nitrate (AN).[40](#anie201510618-bib-0040){ref-type="ref"}

The ammonia synthesis reaction is carried out at pressures of 7--30 MPa and temperatures ranging from 400 to 500 °C.[39](#anie201510618-bib-0039){ref-type="ref"}, [41](#anie201510618-bib-0041){ref-type="ref"} Given that in future H~2~ will be derived from water splitting, the overall process of ammonia production is represented by Reaction (R2).[39](#anie201510618-bib-0039){ref-type="ref"}, [41](#anie201510618-bib-0041){ref-type="ref"} Ammonia can be used in internal combustion engines and diesel engines with little modification,[42](#anie201510618-bib-0042){ref-type="ref"}, [43](#anie201510618-bib-0043){ref-type="ref"}, [44](#anie201510618-bib-0044){ref-type="ref"} as well as gas turbines[45](#anie201510618-bib-0045){ref-type="ref"}, [46](#anie201510618-bib-0046){ref-type="ref"} and rocket engines.[47](#anie201510618-bib-0047){ref-type="ref"} $$\left. N_{2(g)}{+ 3\, H}_{2}O_{(l)}\rightarrow{2\,{NH}}_{3(g)}{+ 1}{.5\, O}_{2(g)} \right.{\Delta{\hat{H}}_{Rxn}^{o}{= + 382}{.8\,{kJ}\,{mol}}^{- 1}}$$

Ammonia production using renewable intermittent energy is technically feasible with current technologies.[48](#anie201510618-bib-0048){ref-type="ref"}, [49](#anie201510618-bib-0049){ref-type="ref"} Moreover, various ammonia‐derived nitrogen‐based fuels have been previously suggested, such as: AN and AN‐based compositions,[50](#anie201510618-bib-0050){ref-type="ref"}, [51](#anie201510618-bib-0051){ref-type="ref"}, [52](#anie201510618-bib-0052){ref-type="ref"}, [53](#anie201510618-bib-0053){ref-type="ref"}, [54](#anie201510618-bib-0054){ref-type="ref"}, [55](#anie201510618-bib-0055){ref-type="ref"}, [56](#anie201510618-bib-0056){ref-type="ref"} aqueous hydroxylammonium nitrate,[57](#anie201510618-bib-0057){ref-type="ref"}, [58](#anie201510618-bib-0058){ref-type="ref"} ammonium dinitramide,[59](#anie201510618-bib-0059){ref-type="ref"}, [60](#anie201510618-bib-0060){ref-type="ref"}, [61](#anie201510618-bib-0061){ref-type="ref"}, [62](#anie201510618-bib-0062){ref-type="ref"} and aqueous AN with ammonium hydroxide or urea.[14](#anie201510618-bib-0014){ref-type="ref"} While the methanol economy addresses both the energy and the broad chemical sectors,[63](#anie201510618-bib-0063){ref-type="ref"}, [64](#anie201510618-bib-0064){ref-type="ref"} the nitrogen economy addresses the energy and fertilizer sectors. In the context of this Essay only the energy sector is considered.

4.  Carbon‐ Versus Nitrogen‐Based Fuels {#anie201510618-sec-0004}
=======================================

4.1.  Feedstock {#anie201510618-sec-0005}
---------------

Reactions (R1) and (R2) are comparable since both require three moles of water for the hydrolysis of one mole of reactant (CO~2~ or N~2~, respectively). Nonetheless, one mole of CO~2~ yields only one mole of methanol using only two‐thirds of the available hydrogen. On the other hand, two moles of ammonia are produced per mole of N~2~, without wasting any of the hydrogen feedstock.

The required CO~2~ feedstock for the production of carbon‐based fuels can be derived either from the atmosphere or by capturing emissions from anthropogenic sources. Anthropogenic sources are more CO~2~‐rich, typically containing 5--15 vol % CO~2~.[27](#anie201510618-bib-0027){ref-type="ref"}, [65](#anie201510618-bib-0065){ref-type="ref"} Since collecting CO~2~ directly from billions of small units (i.e., vehicles and small generators) is nonprobable,[66](#anie201510618-bib-0066){ref-type="ref"} the two realistic CO~2~ sources are flue gas (from industrial or power plants) and the atmosphere.[67](#anie201510618-bib-0067){ref-type="ref"} The atmosphere, a large and challenging CO~2~ source, encompasses the emissions from all emitters, large and small alike ("direct air capture").[5](#anie201510618-bib-0005){ref-type="ref"}, [6](#anie201510618-bib-0006){ref-type="ref"}, [65](#anie201510618-bib-0065){ref-type="ref"}, [66](#anie201510618-bib-0066){ref-type="ref"}, [67](#anie201510618-bib-0067){ref-type="ref"}, [68](#anie201510618-bib-0068){ref-type="ref"}, [69](#anie201510618-bib-0069){ref-type="ref"}

To establish a common basis for the comparison of the different chemical hydrogen storage routes, we will focus herein on the capture of both CO~2~ and N~2~ from the atmosphere as feedstock. Nevertheless, the alternative of separating CO~2~ from anthropogenic sources (i.e., flue gas) will also be addressed.

The minimum energy required for separating a gas mixture, *W* ~min~, can be evaluated from entropy considerations assuming ideal gases. Equation (E[(3)](#anie201510618-disp-0003){ref-type="disp-formula"}) simplifies the calculation under the condition that the captured gas is pure and entirely removed from the system (*R* is the universal gas constant, *T* is the absolute temperature, *y* is the mole fraction of the desired gas in the mixture, and *[m]{.smallcaps}* is the molar mass of that gas).[70](#anie201510618-bib-0070){ref-type="ref"} The minimum energy required for separating N~2~ from air is about 12 % of the corresponding value for the same mass of CO~2~ (0.060 GJ t^−1^ vs. 0.497 GJ t^−1^).$$W_{\min} = - \frac{RT}{yM}\left\lbrack {y\ln y + \left( 1 - y \right)\ln\left( 1 - y \right)} \right\rbrack$$

A realistic estimation of the required energy for the separation of CO~2~ from the atmosphere can be obtained from previously conducted energy analyses and technology assessments. It is thus estimated that 6.6 GJ of equivalent work is required per ton of CO~2~ (adopted from literature[70](#anie201510618-bib-0070){ref-type="ref"} and calculated using Equation (SE1) in the Supporting Information). In addition, the energy requirement for cryogenic air separation plants is estimated at 0.22 GJ of equivalent work per ton of N~2~.[12](#anie201510618-bib-0012){ref-type="ref"} It is interesting to note that the realistic separation energy requirement for N~2~ from air is even lower than the theoretical thermodynamic minimal separation energy for CO~2~ from air.

4.2.  Evaluated Fuels {#anie201510618-sec-0006}
---------------------

The seven synthetic fuels assessed herein are: methane, methanol, DME, ammonia, aqueous ammonium hydroxide urea (AHU), aqueous ammonium hydroxide ammonium nitrate (AAN), and aqueous urea ammonium nitrate (UAN). The first three are carbon‐based, ammonia and aqueous AAN are nitrogen‐based, and aqueous AHU and aqueous UAN are low‐carbon nitrogen‐based fuels. The composition of the aqueous AHU, AAN, and UAN fuels, as well as their desirable combustion reactions, are presented by Reactions (R3)--(R5).$${{\overbrace{{NH}_{4}{OH}_{({aq})}}}^{\binom{{ammonium}\mspace{510mu}}{{hydroxide}\mspace{510mu}}} + 0.22{\overbrace{{NH}_{2}{CONH}_{2({aq})}}}^{urea} + 0.3\, H_{2}O_{(1)} + 1.09O_{2{(g)}}}\left. \rightarrow 0.72\, N{}_{2(g)} + 3.25\, H{}_{2}O{}_{(1)} + 0.22\,{CO}{}_{2(g)} \right.$$ $$\left. 3{\overbrace{{NH}_{4}{NO}_{3}}}_{({aq})}^{AN}{+ 2}{\overbrace{{NH}_{4}{OH}}}_{({aq})}^{\binom{ammonium}{hydroxide}}{+ 3}{.9\, H}_{2}O_{(l)}\rightarrow{4\, N}_{2(g)}{+ 14}{.9\, H}_{2}O_{(l)} \right.$$ $${3{\overbrace{{NH}_{4}{NO}_{3{({aq})}}}}^{AN} + {\overbrace{{NH}_{2}{CONH}_{2{({aq})}}}}^{urea} + 5.56\, H_{2}O_{(1)}}\left. \ \ \rightarrow 4\, N{}_{2(g)} + 13.56\, H{}_{2}O{}_{(1)} + {CO}{}_{2(g)} \right.$$

Methane, produced using the Sabatier reaction,[71](#anie201510618-bib-0071){ref-type="ref"} is the simplest carbon‐based fuel (i.e., the smallest molecule with the smallest functional groups). The simplest oxidant variant of methane, methanol, is also a well‐studied and important alternative fuel, and it is the simplest carbon‐based fuel that is liquid at standard conditions. Furthermore, DME is the simplest ether derived from MeOH. Both MeOH and DME have been previously suggested as alternative fuels for various applications, as mentioned above.

Ammonia is the simplest form of a nitrogen‐based fuel, and it is the principal precursor of many nitrogen‐based compounds. Ammonia oxidation through the Ostwald process[72](#anie201510618-bib-0072){ref-type="ref"} produces nitric acid, which yields AN when reacted with ammonia. As a global commodity AN is manufactured in millions of tons annually, mainly as a fertilizer.[73](#anie201510618-bib-0073){ref-type="ref"} It is worth noting that an aqueous AN solution is chemically stable and non‐explosive, thus safe to transport, handle, and store.[15](#anie201510618-bib-0015){ref-type="ref"}, [74](#anie201510618-bib-0074){ref-type="ref"}

Both aqueous AN‐based fuels (i.e., aqueous AAN and UAN) are monofuels since they contain the oxidizer as well as the reducer in the same solution. Consequently, no external oxidizer such as air is required for their combustion \[Reactions (R4) and (R5)\]. In the aqueous AAN case, ammonia in the form of ammonium hydroxide is a reducer that can react with the net oxidizing AN, while in the aqueous UAN case, urea is the reducer. Urea is a nitrogenous organic compound industrially manufactured worldwide on the order of millions of tons annually, primarily (\>90 %) as a fertilizer as well.[75](#anie201510618-bib-0075){ref-type="ref"} Aqueous AHU is not a monofuel, and contains only the reducer species; thus it requires an external oxidizer such as atmospheric oxygen to combust \[Reaction (R3)\].

Other synthetic nitrogen‐based fuels could also be suggested, such as aqueous ammonium carbonate, aqueous ammonium acetate, aqueous ammonium carbamate, aqueous ammonium formate, aqueous urea, and methylamine. For reasons of simplicity, only the selected fuels are evaluated herein.

4.3.  Fuel Evaluation {#anie201510618-sec-0007}
---------------------

For evaluating the selected fuels on an energy basis, a power‐to‐fuel‐to‐power (PFP) index is defined herein as the ratio of the available output power from a fuel\'s combustion to the energy required for its production (by water splitting, air separation, and synthesis) and distribution. The PFP^atm^ index definition is given by Equation (E[(7)](#anie201510618-disp-0007){ref-type="disp-formula"}), where *η* ~combustion~ is the combustion efficiency (the fraction of a fuel\'s heating value that is converted to power), and the atmosphere is the feedstock for both N~2~ and CO~2~. The material streams entering the system boundaries are water and air, while the material outlet streams are oxygen from water splitting, the byproducts of air separation, water from the fuel\'s synthesis, and the combustion effluent (Figure [1](#anie201510618-fig-0001){ref-type="fig"}).$${PFP}^{atm} = \frac{\left( {{energy}\,{density}} \right) \cdot \eta_{combustion}}{\left( {{water}\,{splitting}} \right) + \left( {{air}\,{separation}} \right) + \left( {synthesis} \right) + \left( {distribution} \right)}$$

![Material and energy streams of the PFP system. Process boundaries are marked by dashed lines.](ANIE-55-8798-g006){#anie201510618-fig-0001}

The analysis was conducted under minor reasonable assumptions (Table S1) and using an equivalent work as a common energy basis \[Eq. (SE1)\]. The combustion efficiency for each of the fuels was estimated based on the combustion efficiency of methane, an already well‐established and optimized fuel for gas turbines (Table S2). The energy required for distributing the fuels was calculated based on a distribution distance of 1600 km (Table S3). Studies on CO~2~ utilization suggest that this distance most likely presents a worst‐case scenario. Still, the impact of the energy required for transportation is relatively low (see below).[67](#anie201510618-bib-0067){ref-type="ref"}, [76](#anie201510618-bib-0076){ref-type="ref"}, [77](#anie201510618-bib-0077){ref-type="ref"}

The calculated PFP^atm^ indices vary in the range of 12 %--35 % (Table [1](#anie201510618-tbl-0001){ref-type="table-wrap"}). The various energy requirement values for Equation (E2) are given in Table [1](#anie201510618-tbl-0001){ref-type="table-wrap"} in dimensionless form for ease of comparison across different fuels and in Table S4 in a standard form (i.e., GJ per ton fuel). The dimensionless form was obtained by dividing the required energy by the respective fuel\'s energy density. The relevance of this approach to the PFP^atm^ index can be seen by dividing both the numerator and the denominator in Equation (E2) by the energy density; the PFP^atm^ index is thus a function of *η* and the dimensionless form of the various required energies.

###### 

PFP^atm^ indices of the seven assessed alternative fuels.

  Fuel      Air separation^\[a,b\]^   Water splitting^\[a,c\]^   Synthesis energy^\[a,d\]^                            Distribution^\[a,e\]^   Energy density^\[f\]^ \[GJ t^−1^\]   *η* ~combustion~ ^\[g\]^                                                                                                                                                                               PFP^atm \[h\]^
  --------- ------------------------- -------------------------- ---------------------------------------------------- ----------------------- ------------------------------------ -------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------- --- ----------------
  methane   0.326                     1.64                       0.022[80](#anie201510618-bib-0080){ref-type="ref"}   0.027                   55.5                                 54.1 %[82](#anie201510618-bib-0082){ref-type="ref"}, [83](#anie201510618-bib-0083){ref-type="ref"}, [84](#anie201510618-bib-0084){ref-type="ref"}, [85](#anie201510618-bib-0085){ref-type="ref"}       27 %
  MeOH      0.382                     1.44                       0.202[81](#anie201510618-bib-0081){ref-type="ref"}   0.005                   23.7                                 54 %                                                                                                                                                                                                   27 %
  DME       0.398                     1.50                       0.274^\[i\]^                                         0.005                   31.7                                 50 %                                                                                                                                                                                                   23 %
  ammonia   0.008                     1.43                       0.071^\[j\]^                                         0.008                   22.5                                 53 %                                                                                                                                                                                                   35 %
  aq. AHU   0.138                     1.58                       0.162^\[i\]^                                         0.011                   9.2                                  50 %                                                                                                                                                                                                   27 %
  aq. AAN   0.018                     3.12                       0.235^\[i\]^                                         0.023                   3.7                                  47 %                                                                                                                                                                                                   14 %
  aq. UAN   0.235                     3.27                       0.376^\[i\]^                                         0.022                   3.3                                  48 %                                                                                                                                                                                                   12 %

\[a\] Energy values are in an equivalent work basis (see text). \[b\] Required energy for separating N~2~, CO~2~, or both from the atmosphere as feedstock.[12](#anie201510618-bib-0012){ref-type="ref"}, [70](#anie201510618-bib-0070){ref-type="ref"} \[c\] Based on a future prediction for central grid electrolysis evaluated as 180.72 GJ (t H~2~)^−1^.[86](#anie201510618-bib-0086){ref-type="ref"} \[d\] Values represent state‐of‐the‐art required synthesis energy. \[e\] Calculated as in Table S3. \[f\] Taken as high heating value. \[g\] Calculated as in Table S2. \[h\] Calculated according to Equation (E2). \[i\] See Sections 8 and 9 of the Supporting Information for detailed calculations. \[j\] Average literature value.[48](#anie201510618-bib-0048){ref-type="ref"}, [49](#anie201510618-bib-0049){ref-type="ref"}, [87](#anie201510618-bib-0087){ref-type="ref"}
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The dimensionless energy required for air separation is relatively high for the carbon‐based fuels due to the energy‐intense separation of atmospheric CO~2~. On the other hand, the dimensionless energy required for hydrogen generation by water splitting is particularly high for the two aqueous AN‐based fuels. This is a consequence of their relatively low hydrogen‐utilization efficiency (Table S5). The ammonium species in aqueous AN‐based fuels is an excellent approach for chemical hydrogen storage since its N−H bonds are similar to those in ammonia, yet its aqueous form is safe to handle.[15](#anie201510618-bib-0015){ref-type="ref"}, [74](#anie201510618-bib-0074){ref-type="ref"} On the other hand, in a large‐scale synthesis process the nitrate species originate from ammonia‐derived HNO~3~.[72](#anie201510618-bib-0072){ref-type="ref"} In other words, hydrogen atoms are used for producing the oxidizing nitrate species, and not all are eventually stored in the final fuel form. While the hydrogen‐utilization efficiency for AN itself is 67 %, the values for aqueous AAN and UAN are 75 % and 67 %, respectively (Table S5).

Nevertheless, methane and DME both have the lowest hydrogen‐utilization efficiency of 50 % since the Sabatier reaction consumes 8 hydrogen atoms per synthesized CH~4~ molecule (Table S5). However, due to the relatively high energy density of both fuels, their dimensionless energy requirement for hydrogen generation is lower than the respective values for the AN‐based fuels (Table [1](#anie201510618-tbl-0001){ref-type="table-wrap"}). Ammonia is the only fuel in the present analysis with a 100 % hydrogen‐utilization efficiency (Table S5), due to the excellent atom economy of the Haber--Bosch process.[39](#anie201510618-bib-0039){ref-type="ref"} It is noted that the energy required for distributing the different fuels plays only a minor role in the PFP index calculation (Table [1](#anie201510618-tbl-0001){ref-type="table-wrap"}). The PFP^atm^ index of ammonia is particularly high (35 %); next are methane, MeOH, and aqueous AHU---all with an index of 27 %. DME has an index of 23 %, and aqueous AAN and UAN have indices of 14 % and 12 %, respectively (Table [1](#anie201510618-tbl-0001){ref-type="table-wrap"}). It is noted that the PFP^atm^ indices are sensitive to the fuel\'s combustion efficiency \[Eq. (E2)\]. While the above notion holds for all fuels, it is of particular significance for the aqueous AN‐based monofuels, for which the estimated combustion efficiency is considered conservative, since they do not require a gas‐compression stage prior to combustion, and can be combusted at relatively high pressures (on the order of 10 MPa).[14](#anie201510618-bib-0014){ref-type="ref"}, [16](#anie201510618-bib-0016){ref-type="ref"} It is noted, however, that the PFP^atm^ indices of these fuels could be competitive with those of carbon‐based fuels only at relatively high efficiencies which approach the Carnot limit (Figure S1 d). Further research to better estimate the combustion efficiency of these fuels is required.

In addition to the separation of CO~2~ and N~2~ from the atmosphere (Figure [1](#anie201510618-fig-0001){ref-type="fig"}), separating CO~2~ from flue gas was also considered. The corresponding PFP^flue^ index was determined, altering the required separation energy accordingly. The PFP^flue^ index (Table [2](#anie201510618-tbl-0002){ref-type="table-wrap"}) was calculated according to Equation (E[(8)](#anie201510618-disp-0008){ref-type="disp-formula"}). An estimate for the energy required for large‐scale CO~2~ separation from flue gas (e.g., 13.3 vol %) of 0.74 GJ t^−1^ was used.[78](#anie201510618-bib-0078){ref-type="ref"}, [79](#anie201510618-bib-0079){ref-type="ref"} Moreover, an additional energy requirement for transporting the captured CO~2~ from various distributed sources to a central fuel‐synthesis facility was incorporated into the calculations \[Eq. (E3)\]. Since at 10 MPa and ambient temperature CO~2~ is liquid, the energy required for transporting the CO~2~ was calculated in the same manner as for the liquid fuels (Table S3). The energy values in Table [2](#anie201510618-tbl-0002){ref-type="table-wrap"} are in a dimensionless form, while standard data are given in Table S6.$${PFP}^{flue} = \frac{\left( {{energy}\,{density}} \right) \cdot \eta_{combustion}}{\left( {{water}\,{splitting}} \right) + \left( {{air} \smallsetminus {flue}\,{separation}} \right) + \left( {synthesis} \right) + \left( {{CO}_{2}{\,{transport}}} \right) + \left( {distribution} \right)}$$

###### 

PFP^flue^ indices of the seven assessed alternative fuels.

  Fuel      Separation^\[a\]^   CO~2~ transport^\[b\]^   PFP^flue\[c\]^
  --------- ------------------- ------------------------ ----------------
  methane   0.037               0.006                    31 %
  MeOH      0.043               0.007                    32 %
  DME       0.045               0.007                    28 %
  ammonia   0.008               --                       35 %
  aq. AHU   0.023               0.002                    28 %
  aq. AAN   0.018               --                       14 %
  aq. UAN   0.043               0.004                    13 %

\[a\] Required energy for separating CO~2~ from flue gas[78](#anie201510618-bib-0078){ref-type="ref"}, [79](#anie201510618-bib-0079){ref-type="ref"} and N~2~ from the atmosphere[12](#anie201510618-bib-0012){ref-type="ref"} as feedstock. \[b\] Calculated as in Table S3. \[c\] Calculated according to Equation (E3), complimentary data was taken from Table [1](#anie201510618-tbl-0001){ref-type="table-wrap"}.
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The PFP^flue^ indices of all carbon‐containing fuels are higher than their respective PFP^atm^ index (Tables [1](#anie201510618-tbl-0001){ref-type="table-wrap"}, [2](#anie201510618-tbl-0002){ref-type="table-wrap"}). The indices of ammonia and aqueous AAN are not affected. The improvement in the PFP indices is moderate (4 to 5 percentage points) for all carbon‐containing fuels, except for aqueous AHU and UAN which exhibited an even less significant increase due to their low carbon content (ca. 5 wt % and ca. 3 wt %, respectively).

A sensitivity analysis was conducted to evaluate the significance of the identified differences in the PFP indices (Table S7, Figure S1). Methane, MeOH, and DME were found to be more sensitive to the required energy for CO~2~ separation both from air and flue gas than aqueous AHU and UAN, due to the difference in carbon content. All nitrogen‐based fuels had a similar sensitivity to the required energy for atmospheric N~2~ separation. Nitrogen‐based fuels were more sensitive to a change in the required energy for water splitting than carbon‐based fuels; nevertheless, methane had a relatively high sensitivity coefficient as well. As a result, more efficient future water‐splitting technologies will give a slight energetic advantage to the nitrogen‐based fuels. In this case, methane and aqueous AHU will have similar PFP indices, higher than the PFP index of MeOH (Figure S1 e).

With only one exception, the order in which the seven selected fuels are rated according to the PFP scales does not change when the parameters are altered (Figure S1). The exception occurs if the required energy for atmospheric CO~2~ separation from air were to decrease from the current level of 6.6 to below 6.3 GJ per ton CO~2~. In this case, the PFP^atm^ index of methane and MeOH would be higher (near 30 %) than that of aqueous AHU which would remain at 27 % (Figure S1 a).

Other factors in addition to the PFP index are of course important in evaluating synthetic fuels, and should also be taken into account by decision‐makers. These factors include the fuel\'s techno‐economic and environmental life‐cycle assessments along with infrastructural aspects, its interaction and compatibility with other sectors (i.e., the chemical and fertilizer sectors), toxicity, handling safety, and chemical stability.

5.  Closing the Loop {#anie201510618-sec-0008}
====================

Recent studies of aqueous UAN, a model nitrogen‐based fuel, were previously extensively reviewed elsewhere.[88](#anie201510618-bib-0088){ref-type="ref"} The continuous combustion feasibility of aqueous UAN was demonstrated[14](#anie201510618-bib-0014){ref-type="ref"}, [15](#anie201510618-bib-0015){ref-type="ref"}, [16](#anie201510618-bib-0016){ref-type="ref"} and the fuel was shown to be safe to handle and store, as well as chemically stable at ambient conditions.[15](#anie201510618-bib-0015){ref-type="ref"} A thermal analysis of the fuel was performed at ambient and high pressures,[17](#anie201510618-bib-0017){ref-type="ref"}, [18](#anie201510618-bib-0018){ref-type="ref"} and its combustion chemistry was unveiled.[14](#anie201510618-bib-0014){ref-type="ref"}, [17](#anie201510618-bib-0017){ref-type="ref"}, [18](#anie201510618-bib-0018){ref-type="ref"}, [19](#anie201510618-bib-0019){ref-type="ref"}, [20](#anie201510618-bib-0020){ref-type="ref"} Different catalysts for post‐combustion pollutant abatement were suggested and evaluated.[89](#anie201510618-bib-0089){ref-type="ref"} Moreover, metal‐corrosion resistance was studied for the fuel\'s reaction conditions.[21](#anie201510618-bib-0021){ref-type="ref"} The aqueous UAN fuel possesses an acceptable volumetric energy density for stationary power‐generation applications of 4.4 GJ m^−3^, equivalent to 10 MPa compressed natural gas. This fuel can theoretically produce an environmentally friendly effluent gas consisting of 73.0 % H~2~O, 21.6 % N~2~, and 5.4 % CO~2~ (mole basis) upon combustion \[Reaction (R5)\].

The combustion pressure was found to significantly decrease pollutant levels and also increase the N~2~ yield (Figure [2](#anie201510618-fig-0002){ref-type="fig"}). At a combustion pressure of 25 MPa and a fuel flow rate of 10 mL min^−1^, the N~2~ yield approached 99.9 % (Figure [2](#anie201510618-fig-0002){ref-type="fig"} B), while the overall NO~*x*~ emission level (i.e., NO~2~, NO, and N~2~O) was 127 mg MJ^−1^ (equivalent to 1.85 mmol NO per 1 mol AN),[14](#anie201510618-bib-0014){ref-type="ref"} significantly below U.S. Environmental Protection Agency\'s regulatory standard for new stationary natural gas power generation turbines, which is 290 mg MJ^−1^ (equivalent to 4.22 mmol NO per 1 mol AN).[90](#anie201510618-bib-0090){ref-type="ref"} Levels of CO and NH~3~ were 8 and 17 mg MJ^−1^, respectively.[14](#anie201510618-bib-0014){ref-type="ref"} While the above results were obtained without implementing a catalyst, catalysis was shown to be effective for abatement of all pollutants, in particular NH~3~.[88](#anie201510618-bib-0088){ref-type="ref"}, [89](#anie201510618-bib-0089){ref-type="ref"} Certainly, the combustion performance of more‐promising nitrogen‐based fuels (Table [1](#anie201510618-tbl-0001){ref-type="table-wrap"}) should be investigated.

![Representative effluent species during continuous combustion of aqueous UAN. A) Measured emission levels of NO as a representative NO~*x*~ species. Red dots indicate experimental data. B) Determined N~2~ yield. Blue dots represent calculated values. The *x* and *y* axes of the N~2~ yield were inverted to better demonstrate the effect graphically. *RSC Adv*. **2014**, *4*, 10051; reproduced by permission of the Royal Society of Chemistry. Only selected parts of the original image are shown.](ANIE-55-8798-g007){#anie201510618-fig-0002}

6.  Conclusions {#anie201510618-sec-0009}
===============

Large‐scale storage and distribution of future renewable hydrogen mass‐produced by water splitting (rather than from natural gas) will probably be accomplished in the form of chemical fuels via carbon and\\or nitrogen as the main hydrogen carriers. The present study compares carbon‐ and nitrogen‐based fuels on an energy basis as chemical hydrogen‐storage media for stationary power generation by providing metrics by which these alternatives can be critically compared and by gleaning updated literature data. A power‐to‐fuel‐to‐power (PFP) index was defined and used to evaluate selected fuels for two cases: a) both CO~2~ and N~2~ are obtained from the atmosphere (PFP^atm^), and b) CO~2~ is obtained from flue‐gas separation, while N~2~ is obtained from the atmosphere (PFP^flue^).

Seven synthetic fuels were evaluated: methane, methanol, dimethyl ether (DME), ammonia, aqueous ammonium hydroxide urea (AHU), aqueous ammonium hydroxide ammonium nitrate (AAN), and aqueous urea ammonium nitrate (UAN). For the case where the CO~2~ source is the atmosphere, ammonia had an index of 35 %, while methane, MeOH, and aqueous AHU had similar PFP^atm^ indices of 27 %. DME was rated next with a PFP^atm^ value of 23 %, and the aqueous AN‐based monofuels (i.e., AAN and UAN) had PFP^atm^ indices of 12 %--14 %. However, it should be noted that the PFP index is sensitive to the combustion efficiency, which was conservatively estimated for these AN‐based fuels (47 % and 48 %, respectively). Therefore, it is of interest to better assess the combustion efficiency of the AN‐based fuels in an in‐depth thermodynamic analysis.

For the case where the CO~2~ source is flue gas, ammonia had the highest PFP^flue^ index of 35 %, while MeOH, methane, aqueous AHU, and DME had PFP^flue^ indices of 32 %, 31 %, 28 %, and 25 %, respectively.

Ammonia has the lowest required energy for feedstock separation, even when compared to carbon‐based fuels in the case of flue‐gas‐derived CO~2~. The normalized energy required for water splitting is highest for the AN‐based fuels. The normalized energies required for fuel synthesis are particularly low for the simple molecules, methane and ammonia.

We showed that a nitrogen economy, where renewable hydrogen is chemically stored on abundant nitrogen in the form of a nontoxic and safe nitrogen‐based alternative fuel, is energetically feasible, and that novel nitrogen‐based fuels are comparable on an energy‐return basis to existing carbon‐based fuels. Incorporating nitrogen‐based fuels as part of a future energy mix will enrich and "fertilize" our energy portfolio.

Finally, aqueous UAN, a model nitrogen‐based fuel, was shown to be safe to handle, and its stable combustion was achieved with lower NO~*x*~ emissions than U.S. Environmental Protection Agency\'s regulation standard. Conceptually, it is intriguing to think of a future where atmospheric nitrogen becomes the storage hub for renewable hydrogen that will eventually be mass produced in a sustainable way from water.
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